Opiate addiction is a chronic, relapsing behavioral disorder where learned associations that develop between the abused opiate and the environment in which it is consumed are brought about through Pavlovian (classical) conditioning processes. However, the signaling mechanisms/pathways regulating the mechanisms that underlie the responses to opiate-associated cues or the development of sensitization as a consequence of repeated context-independent administration of opiates are unknown. In this study we examined the phosphorylation levels of various classic signaling molecules in brain regions implicated in addictive behaviors after acute and repeated morphine administration. An unbiased place conditioning protocol was used to examine changes in phosphorylation that are associated with (1) the expression of the rewarding effects of morphine and (2) the sensitization that develops to this effect. We also examined the effects of a d-receptor antagonist on morphine-induced conditioned behavior and on the phosphorylation of classic signaling molecules in view of data showing that blockade of d-opioid receptor (dOR) prevents the development of sensitization to the rewarding effects of morphine. We find that CREB phosphorylation is specifically induced upon the expression of a sensitized response to morphine-induced conditioned behavior in brain areas related to memory consolidation, such as the hippocampus and cortex. A similar effect is also observed, albeit to a lesser extent, in the case of the GluR1 subunit of AMPA glutamate receptor. These increases in the phosphorylation levels of CREB and pGluR1 are significantly blocked by pretreatment with a dOR antagonist. These results indicate a critical role for phospho-CREB, AMPA, and dOR activities in mediating the expression of a sensitized response to morphine-dependent conditioned behavior. Neuropsychopharmacology (2010) 35, 955-966;
INTRODUCTION
Opiate addiction is a complex relapsing brain disease process that is characterized by the compulsive seeking and taking of an opiate, despite adverse consequences, and the emergence of a negative emotional state when access to the opiate is denied (Koob et al, 1998) . Relapse in abstinent human opiate addicts can be triggered by a number of events, including exposure to environmental cues associated with drug use (O'Brien et al, 1992) . The learned associations that develop between the abused opiate and the environment in which it is consumed are brought about through Pavlovian (classical) conditioning processes: repeated use of the drug in a particular environment generates associations between the drug and the environment, such that subsequent exposure to the environment in the absence of the drug elicits physiological and behavioral responses similar to those induced by the drug itself (O'Brien et al, 1992) . These effects are long lasting and can occur despite years of abstinence from drug use (O'Brien et al, 1992) . However, little is known about the molecular mechanisms that underlie drug-dependent learned associations.
The conditioned place preference (CPP) paradigm is an animal model widely used to investigate the mechanisms underlying context-dependent learning associated with drugs of abuse (Bardo et al, 1995) . Analogous to the drugenvironment associations that trigger relapse in humans (O'Brien et al, 1992 ) the CPP paradigm is based on Pavlovian conditioning, where the abused drug (unconditioned stimulus) is repeatedly paired with a specific environment that becomes a conditioned stimulus (CS). Subsequently, when animals have the choice of exploring the previously drug-paired (CS + ) environment and a previously nondrug-paired environment, they prefer the CS + environment (conditioned response) (Bardo et al, 1995) . Thus, this model can be used to explore the molecular mechanisms that govern expression of conditioned responses to drug-associated cues. Several reports have shown that the conditioned rewarding effects of m-opiod receptor (mOR) agonists are enhanced in animals with a history of opiate exposure (Shippenberg et al, 1996 (Shippenberg et al, , 1998 . Indeed, the efficacy of morphine to elicit a CPP is enhanced when the number of days of environment-drug pairing are increased before the conditioning procedure (Shippenberg et al, 1996) .
In general, the field of addiction research has focused primarily on the mesolimbic dopamine pathway, which originates in the ventral tegmental area (VTA) and projects to the nucleus accumbens (Nac) and prefrontal cortex (PFC), because of its critical role in mediating the rewarding actions of virtually all drugs of abuse (Everitt and Wolf, 2002) . However, the importance of learning and memory in the process of addiction is becoming increasingly clear. Learning and memory are primary components for the development of context-associated cues. Indeed, recent evidence underscores a prominent role for limbic brain areas (like the hippocampus and cortex) in the control of behaviors reinforced by natural rewards (eg, food), as well as psychoactive drugs (Fuchs et al, 2005; Nestler, 2001) . For example, the hippocampus has a key role in associative memory networks, the encoding and consolidation of novel environmental information, and in the learning of relational information between environmental stimuli (Morris et al, 2003) . In addition, the hippocampus has been implicated in the regulation of morphine-dependent conditioned behavior (Corrigall and Linseman, 1988; Ferbinteanu and McDonald, 2001 ). Thus, both the hippocampus and cortex are likely to be important in the expression of drugdependent conditioned behavior.
A number of studies showed that opiate addiction involves cellular mechanisms historically associated with memory formation (Hyman and Malenka, 2001 ) such as the stimulation of serine/threonine kinases such as mitogenactivated protein kinase (MAPK) and calcium/calmodulindependent kinase (CAMK) II (Fukuda et al, 1996; Polakiewicz et al, 1998; Law et al, 2000) . In addition, the transcription factor CREB is widely implicated in many forms of neuronal plasticity, including drug addiction (Carlezon et al, 2005; Nestler, 1997) . Thus, changes in CREB activity may be important in mediating mechanisms underlying the expression of a conditioned response to an opiate-paired environment. Also, accumulating evidence indicates that opiates can modulate synaptic transmission and plasticity by altering glutamatergic transmission and long-term potentiation in brain areas such as the hippocampus and cortex (Pu et al, 2002; Xu et al, 2003) . This suggests that complex adaptive mechanisms take place during repeated exposure to opiates. A better understanding of the molecular mechanisms involved in drug-associated conditioned responses will be extremely useful in the development of novel pharmacological tools for intervention so as to prevent development of opiate addiction.
Several studies indicate that the d-opioid receptor (dOR) may have a substantial role in the regulation of morphine-induced rewarding properties (see review by Narita et al, 2001 ). Indeed, a recent study shows that selective blockade of dOR prevents sensitization to the conditioning rewarding effects of morphine (Shippenberg et al, 2009 ). This effect is likely to be due to a functional interaction between mOR and dOR (Gomes et al, 2004) . This is in agreement with a recent report that shows that a physical interaction between mOR and dOR modulates mORmediated dependence (Daniels et al, 2005) .
In this study we examined changes in the extent of phosphorylation of various signaling molecules (such as MAPK, CaMKII, CREB, and GluR1) under different paradigms of morphine administration. We find that acute morphine treatment (single injection) leads to significant decreases in CREB phosphorylation in all brain regions studied. Interestingly, on context-dependent administration of morphine (morphine CPP) CREB phosphorylation is increased in hippocampus and cortex with a parallel increase in the phosphorylation of the GluR1 subunit of the AMPA receptor. These results are also observed on a paradigm of sensitization to morphine CPP. In contrast, repeated context-independent exposure to morphine, following a paradigm which is comparable to the one that elicits sensitization to morphine CPP, leads to a decrease in CREB phosphorylation in the hippocampus and cortex. Next, we examined whether dOR blockade, which attenuates sensitization of morphine CPP but not the conditioning or reward, alters the phosphorylation state of these molecules. Results obtained indicate that blockade of sensitization to morphine CPP with a dOR antagonist correlates with a decrease in the phosphorylation state of these molecules in the hippocampus and cortex. These data suggest that dOR is recruited after repeated morphine administration and that its activity is critical for sensitization to a conditioned response to morphine.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats Harlan) were used in all studies. Rats were group-housed in accordance with NIH guidelines on a 12-h light-dark cycle with food and water available ad libitum. All experimental protocols were approved by the Mount Sinai School of Medicine Institutional Animal Care and Use Committee.
Drugs
Morphine sulfate and naltriben were purchased from Sigma (St Louis, MO). Morphine or naltriben were dissolved in sterile saline and administered subcutaneously (s.c.). All vehicle injections consisted of sterile saline.
Single Drug Treatment
Animals were administered a single dose of morphine (10 mg/kg, s.c.) or saline and killed either 30 min (acute 30 min) or 48 h (acute 48 h) after morphine administration. Brains were rapidly extracted, different brain regions were dissected out and frozen at À801C till use.
Conditioned Place Preference
The CPP chambers are housed within sound-and lightattenuating cabinets and contained three distinct sensory environments. The conditioning chambers are differentiated on the basis of wall color and flooring, with the white conditioning chamber containing a steel mesh floor, the black conditioning chamber containing a floor made of steel rods, and the center gray chamber containing a sheet-metal floor. Guillotine doors connect each side compartment to the center compartment. Rats were conditioned using a modified standard place conditioning procedure (Mueller et al, 2002) . The CPP procedure consisted of three distinct phases: preconditioning, conditioning, and test. In the preconditioning phase (day 1), rats were placed in the gray center compartment and allowed to freely roam the entire apparatus for 30 min. The amount of time spent in each compartment (black or white) was recorded to assess the unconditioned preference and then animals were returned to their home cages. Any rat showing a strong unconditioned preference (49 min) was excluded. On the subsequent day, the conditioning phase (days 2-7) was initiated. The conditioning sessions were conducted twice each day with a 6 h intervening interval. During conditioning sessions, the animals received a s.c. treatment injection and were confined for 30 min to the assigned compartment. After 6 h animals were administered the second conditioning treatment and confined to the other compartment for 30 min. Rats were divided into two treatment groups. The morphine-paired group received morphine (10 mg/kg) in one side of the CPP chamber (morphine-paired) and saline in the other side (nondrug-paired) of the chamber. The treatment compartment was assigned according to a counterbalanced design, such that one half of the animals in each experimental group were conditioned with morphine to the spontaneously preferred side and the other half to the spontaneously nonpreferred side. The order of presentation of morphine and saline was counterbalanced. The saline control group received saline in both sides of the CPP chamber. On the test day (day 8), animals were placed on the central gray chamber and allowed to freely roam the entire apparatus. Time spent in each test compartment was recorded separately for each animal for 10 min. The change of preference was calculated as the difference (in seconds) between the time spent in the drug-paired compartment on the testing day and the time spent in this compartment in the preconditioning session. Animals were killed immediately after behavioral testing and their brains were rapidly extracted and different brain regions dissected out and frozen at À801C till use.
Sensitization to Morphine CPP
Conditioning was also performed following a morphine sensitization paradigm developed by Shippenberg et al (2009) in which animals that received prior repeated injections of the drug show robust place preference even at doses that are ineffective in producing CPP in naive animals. Preconditioning was performed as described above. After that, animals received once-daily injections of saline or morphine (5 mg/kg) for 5 days in their home cages. On days 6 and 7 animals did not receive any treatment, because it has been described that a period of abstinence is necessary for the expression of this sensitized response to morphine CPP (Shippenberg et al, 1996) .
Place conditioning in the CPP chambers was carried out on days 8 and 9 following a counterbalanced design as described above. On each of these days, animals received one conditioning session with saline and one with morphine (5 mg/kg). A total of four conditioning sessions were carried out as previous studies in our laboratory have shown that four conditioning sessions are ineffective in producing a conditioned response in naive animals (Taylor and Devi, unpublished data). Animals were tested on the 10th day for time spent in the previously morphine-paired side. The change in preference was calculated as described above. Animals were killed immediately after behavioral testing and their brains were rapidly extracted and different brain regions dissected out and frozen at À801C till use.
To study the role of a dOR antagonist on sensitization to morphine CPP, we treated the animals with naltriben before morphine administration as described (Shippenberg et al, 2009 ) with some modifications. Briefly, animals received once-daily injections of naltriben (0.1 mg/kg) or vehicle in their home cages for 5 days. After 15 min, they received an injection of morphine (5 mg/kg). Conditioning sessions commenced on day 8 as described above. During conditioning animals received once-daily injection of naltriben (0.1 mg/kg) 15 min before the first saline or morphine injection. Animals were tested on the 10th day, the change in the preference was calculated, and tissue was collected and kept as described above.
Repeated Morphine Administration
This paradigm of repeated morphine administration (without CPP) was designed to be comparable to the paradigm of sensitization to morphine CPP described above. Briefly, rats received once-daily injections of saline or morphine (5 mg/kg) in their home cages for 5 days. On days 6 and 7, animals did not receive any treatment. On days 8 and 9, animals received once-daily injections of morphine (5 mg/kg) or saline again in their home cages. On the 10th day, rats were killed and their brains were rapidly extracted and different brain regions dissected out and frozen at À801C till use.
Western Blot Analysis
Protein extracts from the different brain regions were obtained by homogenization in 62.5 mM Tris (pH 6.8), 1% SDS containing a protease and phosphatase inhibitor cocktail (Sigma). Total protein concentrations were determined using BCA protein assay reagent (Pierce). Equal amounts of total protein were resolved on 10% SDS-PAGE gels and transferred to nitrocellulose membranes (Schleicher and Schuell BioScience) by electroblotting. Membranes were blocked with 5% dry milk and then incubated with either total p44/42 MAPK, phospho-p44/42 MAPK (Thr202/ Tyr204) (1 : 1000; Cell Signaling), total CaMKIIa (1 : 10 000) phospho-CaMKIIa (Thr286) (1 : 1000; Upstate), total GluR1, phospho-GluR1 (Ser831) (1 : 1000; Upstate), phospho-CREB (Ser133) (1 : 1000; Upstate) or actin (1 : 10 000; Sigma, in case of phospho-CREB) antibodies to determine the extent of phosphorylation and to ensure equal protein loading and transfer. After incubation with secondary antibody (1 : 1000 to 1 : 2000 anti-rabbit, Amersham Biosciences; 1 : 2000 to 1 : 20 000 anti-mouse, Vector Laboratories) and extensive washing, membranes were incubated with ECL detection reagents (Pierce) and exposed to ECL Hyperfilm (Amersham Biosciences). Band densities were determined using NIH ImageJ software. Quantification was performed by measuring the intensity of the band with protein-specific antibodies.
Data Analysis
Results are expressed as the mean±SEM. Statistical comparisons were performed using one-way ANOVA with two-tailed unpaired t-test or with Tukey's test for multiple comparisons, where appropriate. Statistical analyses of data were carried out using GraphPad Prism, version 5.0.
RESULTS
To investigate the involvement of key signaling molecules in the neurochemical adaptations associated with the expression of morphine-dependent conditioned behavior, we first examined the effect of a single morphine injection (10 mg/ kg, s.c.) on the phosphorylation levels of p44/42 MAPK, CaMKII, GluR1, and CREB in different brain regions.
A comparison between saline-and morphine-treated animals 30 min after a single drug injection revealed significant decreases in the levels of pCREB in the Nac, VTA, striatum, PFC, hippocampus, and cortex in morphinetreated animals (Figure 1d ). There were no significant changes in the levels of phosphorylated p44/42 MAPK, CaMKII, or GluR1 in any of the brain regions examined (Figure 1 ). Interestingly, 48 h after a single morphine injection there were significant increases in phosphorylated p44/42 MAPK and decreases in pCREB levels in VTA and hippocampus of morphine-treated animals ( Figure 2 ). There were also significant decreases in pCREB levels in the striatum after morphine treatment (Figure 2 ). Thus, 2 days after an acute administration of morphine, we find differential alterations in the levels of phosphorylated signaling molecules in different regions of the brain.
Next, we examined the phosphorylation state of these proteins in different brain areas following morphine CPP. It is known that a certain number (that ranges from four to six depending on the dose of morphine) of conditioning sessions are necessary for the conditioning of morphine reward in rats that are opiate naive before place conditioning. In this study 6 days of conditioning led to a significant place preference to the drug as compared to saline controls ( Figure 3a ). Under this paradigm we find significant modulation of the levels of phosphorylated p44/42 MAPK, CaMKII, GluR1, and CREB in different brain regions. Levels of phosphorylated p44/42 MAPK significantly increased in the NAc, VTA, striatum, and hippocampus whereas the levels of pCREB were increased in all brain regions examined (Figure 3b and e). There were also significant increases in the levels of phosphorylated CaMKII in the majority of regions examined (except VTA) in morphine-conditioned Figure 1 Modulation of mitogen-activated protein kinase (MAPK), calcium/calmodulin-dependent kinase II (CaMKII), GluR1, and CREB 30 min after acute morphine administration. Rats were treated with a single injection of saline or morphine (10 mg/kg, s.c.) and killed 30 min later. Brain regions were dissected out and subjected to western blotting analysis using antibodies against pMAPK, total MAPK (a), pCaMKII, total CaMKII (b), pGluR1, total GluR1 (c), pCREB, and actin (d) as described in the 'Materials and methods' section. A representative western blot is shown for each of the proteins studied. Data from multiple experiments (4-6 animals per group) were tabulated and presented as relative ratio of phosphorylated/total forms (mean ± SEM). One-way ANOVA with unpaired two-tailed t-test, n ¼ 4-6, *po0.05; **po0.01. animals ( Figure 3c ). Finally, there were increases in phospho GluR1 in NAc, hippocampus, and cortex (Figure 3d ). Taken together, these results indicate that the expression of morphine-dependent conditioned responses induces differential alterations in the levels of signaling molecules in different brain regions.
Next, we evaluated the effects of a sensitized response to morphine CPP on the phosphorylation levels of p44/42 MAPK, CaMKII, GluR1, and CREB in different brain regions. It is known that in animals with a history of mOR agonist administration, the potency and efficacy of morphine in producing CPP are increased (Shippenberg et al, 1996 (Shippenberg et al, , 1998 . In addition, after the repeated administration of morphine and before the initiation of the conditioning sessions the animals do not receive any treatment for 2 days. This design is based on previous studies that indicate that a period of abstinence is necessary for the expression of the enhanced conditioned response (Shippenberg et al, 1996) . Therefore, this paradigm of morphine administration mimics the state where intermittent administration of drugs of abuse leads to an enhancement of their behavioral effect (Kalivas and Stewart, 1991) that can last for several days after drug administration. This model therefore provides information on signaling mechanisms that underlie drug sensitization and may have a pivotal role in drug-dependent conditioned responses. Also this paradigm has been shown to induce enhanced place preference even at doses that are ineffective in producing CPP in naive animals (Shippenberg et al, 2009; Figure 4a ). Under these conditions we find significant increases in the levels of phosphorylated p44/42 MAPK in NAc, PFC, and hippocampus ( Figure 4b ) and no changes in the levels of pCaMKII (Figure 4c ). We also find increases in pGluR1 in striatum, PFC, and hippocampus (Figure 4d ). In addition, there were increases in pCREB levels in all brain regions examined (except PFC; Figure 4e ).
In addition, we examined whether these changes in the phosphorylation state of these molecules were specific to the expression of a sensitized response to morphine CPP or could also be due to repeated exposure to the drug. However, the above-mentioned protocol of sensitization to morphine CPP has some limitations. For example, the fact that during this protocol the animals do not receive any treatment for 2 days before the conditioning sessions are initiated could induce withdrawal, and this effect may be reflected in the data obtained. Therefore, to address both issues, during the repeated morphine administration paradigm the animals were treated at their home cages with the same doses of morphine and did not receive any treatment for 2 days. Repeated morphine administration did not result in any significant differences between saline-and morphine-treated animals with respect to phosphorylated p44/42 MAPK levels (Figure 5a ). However, there were increases in the levels of pCaMKII in NAc, , calcium/calmodulin-dependent kinase II (CaMKII), GluR1, and CREB 48 h after acute morphine administration. Rats treated with a single injection of saline or morphine (10 mg/kg, s.c.) were killed 48 h later and the brain regions were subjected to western blotting analysis using antibodies against pMAPK, total MAPK (a), pCaMKII, total CaMKII (b), pGluR1, total GluR1 (c), pCREB, and actin (d) as described in 'Materials and methods' section. A representative western blot is shown for each of the proteins studied. Data from multiple experiments (4-6 animals per group) were tabulated and presented as relative ratio of phosphorylated/total forms (mean ± SEM). One-way ANOVA with unpaired two-tailed t-test, n ¼ 4-6, *po0.05.
striatum, and PFC, whereas levels of pGluR1 were increased only in PFC (Figure 5b and c). We also find significant decreases in pCREB levels only in hippocampus and cortex of morphine-treated animals with no changes observed in other brain regions (Figure 5d ). These findings greatly contrast findings under conditions of morphine CPP (Figure 4 ), indicating differential alterations in the levels of signaling molecules in distinct brain regions that are modified on expression of morphine CPP or the sensitization that develops to this conditioned response (Figures 4  and 5 ). Taken together, these results indicate that there are substantial differences in phosphorylation of signaling molecules under different paradigms of morphine-dependent conditioned behavior.
A number of studies have shown that the rewarding effects of morphine can be modulated by either blocking dOR activity (by administration of dOR antagonists) or reducing the levels of dOR (as seen in knockout animals or by administration of antisense oligonucleotides) (Abdelhamid et al, 1991; Sanchez-Blazquez et al, 1997; Zhu et al, 1999) . On the basis of previous findings (Shippenberg et al, 2009) , we examined whether pretreatment with the dOR receptor antagonist, naltriben, would modulate the sensitization that develops to morphine CPP. A dose of 0.1 mg/kg naltriben was selected to selectively block the dOR 2 subtype (Sofouglu et al, 1991; Portoghese et al, 1992) . We see that saline pretreatment had no significant effect in place preference whereas naltriben pretreatment completely Figure 3 Conditioned place preference to morphine following a 6-day classical conditioning paradigm. (a) Rats (6-8 per group) were subjected to classical morphine conditioning paradigm as described in 'Materials and methods' section. Data represent the change of preference (the difference between the time spent in the drug-paired compartment on the testing day and the basal preference time spent before drug treatment) (mean ± SEM). Rats showed a significant preference for the morphine-paired chamber (unpaired two-tailed t-test, n ¼ 6-8, po0.01). (b-e) Phosphorylation pattern of mitogen-activated protein kinase (MAPK), calcium/calmodulin-dependent kinase II (CaMKII), GluR1, and CREB upon classical morphine conditioning. The brains from rats were collected after measuring conditioned place preference (CPP) and various brain regions were subjected to western blotting analysis using antibodies against pMAPK, total MAPK (b), pCaMKII, total CaMKII (c), pGluR1, total GluR1 (d), pCREB, and actin (e) as described in 'Materials and methods' section. A representative western blot is shown for each of the proteins studied. Data from multiple experiments (6-8 animals per group) were tabulated and presented as relative ratio of phosphorylated/total forms (mean±SEM). One-way ANOVA with unpaired two-tailed t-test, n ¼ 6-8, *po0.05, **po0.01.
blocked the sensitized response that develops to morphine CPP ( Figure 6 ). Next, we examined the effect of pretreatment with naltriben on the levels of phosphorylation of CREB and GluR1, two of the molecules shown to be significantly phosphorylated during the morphine CPP sensitization paradigm (Figure 4) . We find that the morphine CPPmediated increase in pCREB levels seen in hippocampus, cortex, and VTA was completely blocked when animals were pretreated with naltriben (NTB + Mor; Figure 7 ). In salinetreated controls, pretreatment with naltriben had no significant effect in the levels of pCREB (NTB + Sal; Figure 7 ). We also find that morphine CPP-mediated increase in pGluR1 seen in hippocampus, cortex, PFC, and VTA was also completely blocked by pretreatment with naltriben (NTB + Mor; Figure 8 ). Pretreatment with naltriben in salinetreated animals led to increases in pGluR1 levels in VTA with no significant changes in other brains areas examined (Figure 8 ), suggesting a role for endogenous dOR activity in this brain region. Taken together these results indicate that pretreatment with the dOR antagonist, naltriben, blocks the sensitization that develops following morphine CPP as well as the related increases in pCREB and pGluR1 levels especially in hippocampus and cortex, brain regions implicated in memory consolidation. Conditioned place preference to morphine following a sensitization paradigm. (a) Rats (6-8 per group) were subjected to morphine sensitization and conditioning paradigm as described in 'Materials and methods' section. Data represent the change of preference (the difference between the time spent in the drug-paired compartment on the testing day and the basal preference time for this compartment before drug treatment) (mean±SEM). Rats showed a stronger preference for the morphine-paired chamber (unpaired two-tailed t-test, n ¼ 6-8, ***po0.01). (b-e) Phosphorylation pattern of mitogen-activated protein kinase (MAPK), calcium/calmodulin-dependent kinase II (CaMKII), GluR1, and CREB on morphine sensitization and conditioning. The brains from rats were collected after measuring conditioned place preference (CPP) and various brain regions were subjected to western blotting analysis using antibodies against pMAPK, total MAPK (b), pCaMKII, total CaMKII (c), pGluR1, total GluR1 (d), pCREB, and actin (e) as described in 'Materials and methods' section. A representative western blot is shown for each of the proteins studied. Data from multiple experiments (6-8 animals per group) were tabulated and presented as relative ratio of phosphorylated/total forms (mean±SEM). One-way ANOVA with unpaired twotailed t-test, n ¼ 6-8, **po0.01.
DISCUSSION
In this study, we explored the effects of different paradigms of morphine administration on the phosphorylation levels of critical signaling molecules in different brain regions implicated in drug addiction. We observe increases in pCREB levels on expression of classical morphine CPP in the majority of the brain areas studied; this effect is also observed in response to the sensitization that develops to this conditioned behavior. In contrast, CREB phosphorylation is decreased on acute or repeated morphine administration (using a protocol comparable to the sensitization paradigm but that does not produce CPP). These results are consistent with a critical role for CREB in the expression of morphinedependent conditioned behavior. Other studies have shown that CREB is induced in certain brain regions (including the hippocampus, Nac, and PFC) in response to morphine CPP, and that this regulation could change during acquisition, expression, or extinction of this conditioned behavior (Olson et al, 2005; Zhou and Zhu, 2006) . The involvement of CREB in CPP is strengthened by studies showing that CREB knockout mice do not exhibit morphine-induced CPP (Walters and Blendy, 2001 ). The transcriptional activity of CREB is regulated by the phosphorylation at Ser133 through various signaling pathways including MAPK, calcium, and stress signaling (Xing et al, 1998; Ribar et al, 2000) . Therefore we also examined the modulation of MAPK and CaMKII phosphorylation under the different morphine treatment paradigms. We find increases in the levels of phosphorylated p44/42 MAPK in some brain regions on expression of morphine CPP (including those animals showing a sensitized response to morphine CPP) but not under conditions of Figure 5 Phosphorylation of mitogen-activated protein kinase (MAPK), calcium/calmodulin-dependent kinase II (CaMKII), GluR1, and CREB in different brain regions of rats treated chronically with morphine without conditioned place preference (CPP). Rats were treated in their home cage with morphine or saline on days 1-5 and on 8 and 9 as described in 'Materials and methods' section. Brain regions were dissected out and subjected to western blotting analysis using antibodies against pMAPK, total MAPK (a), pCaMKII, total CaMKII (b), pGluR1, total GluR1 (c), pCREB, and actin (d) as described in 'Materials and methods' section. A representative western blot is shown for each of the proteins studied. Data from multiple experiments (4-6 animals per group) were tabulated and presented as relative ratio of phosphorylated/total forms (mean ± SEM). One-way ANOVA with unpaired two-tailed t-test, n ¼ 4-6, *po0.05, **po0.01. 
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Figure 8 Effect of d-opioid receptor (dOR) antagonist pretreatment on the induction of pGluR1 levels. The paradigm used for development of sensitization to morphine was modified in that animals were pretreated with naltriben (0.1 mg/kg, s.c.) 15 min before the administration of morphine both during sensitization and conditioning as described in 'Materials and methods' section. Brain regions were dissected out and subjected to western blotting analysis using antibodies against phospho and total GluR1 as described in 'Materials and methods' section. A representative western blot is shown for each brain region examined. (a) Hippocampus, (b) Cortex, (c) PFC, (d) NAC, (e) VTA, (f) Striatum. Data from multiple experiments (4-6 animals per group) were tabulated and presented as relative ratio of phosphorylated/total GluR1 levels (mean ± SEM). One-way ANOVA with Tukey's test for multiple comparisons, n ¼ 6-8, *po0.05, **po0.01.
repeated morphine administration. This would indicate that phosphorylated MAPK could have a role in phosphorylating transcription factors and other molecules such as GluR1 during the expression of morphinedependent conditioned behavior. This is in contrast to CaMKII, which was found to be phosphorylated in select brain regions only under conditions of repeated morphine administration and morphine CPP but not under the sensitization that develops to this effect. It is likely that the increases in pCaMKII are directly related to morphine administration (and not to CPP). Further studies are needed to elucidate the role of CaMKII in the development of CPP to morphine in view of the fact that we do not observe significant changes in phosphorylated levels following sensitization to morphine CPP (that uses lower doses of morphine). A recent study showed that morphine-induced CPP can be disrupted by locally inhibiting protein synthesis during conditioning in the hippocampus, amygdala, or NAc (Milekic et al, 2006) . This disruption is long lasting, because morphine CPP is not reinstated by further conditioning. Therefore, the formation of contextual associations to morphine depends on the expression of proteins in certain brain regions. We, therefore, explored the effects of morphine administration on the expression of a candidate gene that may contribute to CREB action: the GluR1 subunit of the AMPA receptor. Our data show that the expression of morphine CPP induces GluR1 phosphorylation at Ser 831 in the hippocampus and cortex, brain regions involved in memory consolidation. In addition, sensitization to morphine CPP also leads to an increase in the phosphorylation of GluR1 in the hippocampus. Phosphorylation at Ser 831 has been shown to be mediated by protein kinase C, which has been implicated in the induction and maintenance of long-term potentiation (Roche et al, 1996) , an in vitro model of learning and memory. Therefore, by altering the phosphorylation state of GluR1, morphine could affect glutamatergic neurotransmission (Pu et al, 2002; Xu et al, 2003) , which would account for the synaptic plasticity observed during opiate addiction.
Research into the neurobiology of addiction and memory formation has focused largely on distinct, nonoverlapping brain circuits. The mesolimbic dopamine pathway, which includes dopamine-containing neurons in the VTA of the midbrain and their target areas in the limbic forebrain (Everitt and Wolf, 2002) , has been extensively investigated because of its critical role in mediating the rewarding actions of drugs of abuse. Conversely, the medial temporal lobe, in particular the hippocampus, amygdala, and surrounding cortical areas, has been investigated because of its critical role in learning and memory (McGaugh, 2004) . A few studies have implicated the hippocampus in mediating morphine CPP (Corrigall and Linseman, 1988; Ferbinteanu and McDonald, 2001) . It is becoming increasingly clear that the neuronal circuits involved in addiction and memory largely overlap, and the PFC, NAc, VTA, hippocampus, and amygdala can be seen as highly interacting components of a larger circuit, which regulates different aspects of an individual's responses to environmental stimuli (Robbins and Everitt, 2002; Wolf, 2002) . Our studies found that the expression of morphine CPP was associated with an increase in CREB phosphorylation in the hippocampus and that this effect was also observed in the case of GluR1. In addition, the expression of morphine CPP correlated with an increase in pCREB in the VTA, supporting the notion that there is a significant overlap in the addiction and memory circuitry.
A major finding of this study is that administration of the dOR antagonist, naltriben, not only blocks the sensitized response to morphine CPP but also blocks the related increases in pCREB and pGluR1 levels in specific brain regions. Several studies have shown the involvement of dOR in mediating the rewarding effects of drugs of abuse through modification of dopamine neurotransmission in the mesolimbic pathway (Spanagel et al, 1990; Pentney and Gratton, 1991) . In addition, it has been shown that repeated administration of dOR antagonist prevents sensitization to psychostimulants such as cocaine (Heidbreder et al, 1993) . A previous report showed that repeated administration of the dOR antagonist, naltrindole, together with cocaine prevented the expression of cocaine CPP (Shippenberg and Heidbreder, 1995) . Studies have also shown that administration of dOR ligands can modulate the behavioral effects of morphine (Porreca et al, 1992; He and Lee, 1998) . Our data are also in agreement with a recent study that shows that administration of dOR antagonists disrupts sensitization of morphine CPP (Shippenberg et al, 2009) , although the authors did not further explore the molecular mechanisms underlying these effects. This dORantagonist-induced modulation of the sensitization to morphine CPP is likely due to the physical association between mOR and dOR (Gomes et al, 2004) . Indeed, Gomes et al (2004) have shown that treatment with dOR ligands alters the number of mOR binding sites, thereby affecting the potency of morphine. Thus, by targeting dOR one could develop therapies for the prevention and treatment of morphine addiction.
In summary, we have carried out a systematic study to examine the effects of morphine administration on phosphorylation states of opiate-mediated signaling molecules. As a result, we observed that expression of morphine CPP as well as the sensitization to this conditioned response correlate with an increase in pCREB and pGluR1 levels in brain areas such as the hippocampus, cortex, and VTA. Interestingly, the dOR antagonist blocks both the sensitized response to morphine CPP and its related increases in phosphorylation of CREB and GluR1. The results of this study would help in the identification of the mechanisms that underlie the behavioral adaptations in response to drug-associated environmental cues. services in any of the previous three years, or anticipate receiving such compensation in the near future.
